INTRODUCTION
The RNA-mediated movement of genetic information from one locus to another is known as retroposition (1, 2) . This transposed information, termed retroposon, is thought to be present in all eukaryotic genomes, from yeast to mammalian. The retroposon family is divided into viral and nonviral superfamilies and a wide variety of retroposons is known to be present in the genomes of mammals including human beings (3) .
Recently, human endogenous retroviruses belonging to the viral retroposon superfamily, some homologous to mammalian type B (4-7) or C (8-10) retroviruses or unidentifiable retrovirus proviruses (11) , were isolated and characterized. As human nonviral retroposons, retropseudogenes derived virtually from processed transcripts by RNA polymerase II, LINE (long interspersed repeated sequence) 1 family and SINEs (short interspersed repeated sequences) represented by type I Alu family, have been investigated (3) .
In our previous papers, human endogenous retrovirus genomes, termed HERV-K, were characterized and found to be 9.5 kilobases (kb) long, present at ca. 50 copies per haploid human genome, and homologous to mouse mammary tumor virus (MMTV) (6, 12) . In a detailed investigation on the organization of HERV-K proviruses in human genomes, we found repetitive sequences homologous to the long terminal repeat (LTR) region of the HERV-K genome. To elucidate their structure and relationship to the HERV-K genome, we cloned and sequenced some of these sequences from a human fetal liver gene library (13) . They were found to be SINE type nonviral retroposons, to have a 0.5 kb sequence homologous to the 3' LTR and small upstream region of the HERV-K genome and to be present at 4,000 to 5,000 copies per haploid human genome.
MATERIALS AND METHODS Materials and Clones
Restriction endonucleases, T4 ligase, T4 polynucleotide kinase and terminal deoxynucleotidyl transferase were obtained from Takara Shuzo Co. , Kyoto, Japan. CCRF-CEM (from human acute leukemia), HEp-2 (from human larynx carcinoma) and HMT-2 (from human malignant melenoma) cells were obtained from Y. Masuho (Teijin Bio-Medical Institute, Tokyo, Japan). All the cells were grown in RPMI 1640 supplemented with 10% fetal calf serum (M. A. Bioproducts, Walkersville, Md.) The cloned human endogenous retrovirus genome, HERV-K10 (+), has already been described previously (6, 12) . Filter Hybridization and Screening Preparation of DNA and RNA and selection of poly (A) RNA were carried out as previously described (14) . Southern transfer, nick translation and filter hybridization were performed as described previously (15) . Northern transfer and hybridization were conducted as described by Thomas (16) . A human fetal liver gene library described by Lawn et al. (13) was kindly provided by T. Maniatis (Harvard University, Cambridge, Mass.) and screened by a 1.34 kb HERV-K10(+) fragment containing mostly 3' LTR and 0.5 kb upstream flanking sequence (probe I+II+III, Fig. 2C ) . Individual clones were plaque purified twice and some lambda DNAs containing hybridizable sequences were digested with Eco RI or Hind III and subcloned into pBR322.
DNA Sequencing and Computer Analysis 32 DNA fragments were labeled either at 5' ends with [Y-P] ATP and T4 polynucleotide kinase or at 3' ends with [a-P] ddATP and terminal deoxynucleotidyl transferase. The nucleotide sequences of the fragments were determined by the method of Maxam and Gilbert (17) . All sequences found were determined in both DNA strands. A two-dimensional homology matrix comparison of the nucleotide sequences was made using the University of Wisconsin Genetic Computer Group software package (18) , run on a VAX-11 / 780 computer system (Digital Equipment Co.) at the Institute of Medical Science, University of Tokyo.
RESULTS

Cloning of Repetitive Sequences
HERV-K10(+), a typical genome of the HERV-K family, was 9,469 base-pairs (bp) in length, with nearly identical LTRs of 968 bp at both ends (6, 12) . Using the 1,342 bp fragment (Eco RI 7,986 -Bam HI 9,327) of the HERV-K10 ( + ) genome (12) (Fig. 2C , probe I+II+III) as a probe, screening of the human gene library gave 2-3% hybridizable plaques. Eco Rl-digested DNAs prepared from 25 positive lambda clones were analyzed by the Southern hybridization method using separately probes I, II and III. 22 DNAs out of 25 positives hybridized strongly with probe II and weakly with probe III but none with probe I. One cloned DNA strongly hybridized with all three probes and was estimated to be a clone of the HERV-K genome. Nucleotide sequencing indicated two cloned DNAs which hybridized strongly with probes II and III but not probe I, to be solo LTR. From 22 clones which hybridized strongly with probe II and weakly with III, three clones, (AR11, XR14, AR19), were selected randomly and the nucleotide sequences of the regions hybridizable with probes II and III were determined.
Structural Features of the Repetitive Sequences
The nucleotide sequences common to Rll, R14, R19 and HERV-K1CM+) and the results of two-dimensional homology matrix comparisons of the nucleotide sequences are shown in Fig. IB and Fig. 2, respectively. The nucleotide sequences common to Rll, R14 and R19 were ca. 630 bp in length and could be divided into four subregions (a -d) . Subregion a, made up of about 120 5' terminal nucleotides was very rich in GC (GC content of this subregion was ca. 80%) and had tandemly repeated 40 bp segments as shown in Fig. 3 . Numbers of the repeats were varying among the clones, namely, R14 and R19 had 3 / 2 and 3 repeats, respectively, whereas Rll had at least 6 repeats. No sequence homologous to this subregion was found in the HERV-K10(+) genome either in direct or inverted form.
Subregion b (80 bp) was homologous to a 95 bp sequence located right upstream from the 3' LTR of the HERV-K10(+) genome and had a polypurine tract (PPT) serving as a primer-binding-site for plus-strand DNA synthesis of retrovirus reverse transcription. This region, however, lacked the 16 bp segment found at 8,431 -8,446 in the HERV-K10(+) genome. Subregion c (329 bp in R14 and R19, 331 bp in Rll) was homologous to the 329 bp sequence starting from the 5' end of the HERV-K LTR and contained segments corresponding to a steroid hormone responsive element (HRE) and enhancer core (CORE) (6) . Subregion d (102 bp) was homologous to the sequence located at 9,198 -9,299 in the HERV-K10 (+) genome and had a segment corresponding to the polyadenylation signal at the 3' terminal (6) . The nucleotide sequence of Rll, R14 and R19 was contiguous between subregions c and d, whereas 367 nucleotides (subregion e) interrupted the sequences corresponding to subregions c and d in the HERV-K10( + ) (Fig. 2B ) and HERV-K18 LTRs (6) . A segment corresponding to the TATA box was present in nearly the middle of subregion e (6).
A-rich regions made up of 26 bp (Rll) , 31 bp (R14) and 49 bp (R19) were found downstream from subregion d. Nucleotide sequence homology among Rll, R14 and R19 in the subregion (ad) was calculated as ca. 90%. Since no significant homology could be found in either upstream or downstream region of the common region, these common sequences were concluded to be dispersed throughout the human genome. organization of the relatively short sequences with the 3' terminal A-rich region indicated that the common sequences could be classified as SINE type nonviral retroposons (3). Furthermore, 14 bp direct repeats corresponding to the target site duplication generated at the integration site were found right outside the retroposon in R14, whereas unusually short (4 bp) repeats were present in R19 (Fig. 2) . Since ca. Fig. 3 . Alignment of the GC-rich tandem repeats located at the 5' end of the SINE-R elements. Asterisks (*) indicate identical residues. Gaps (-) are inserted to make the similarlity more evident.
retroposon was homologous to the human endogenous retrovirus termed HERV-K, this retrovirus-derived retroposon was named the SINE-R family.
Organization of SINE-R Elements in the Human Genomes
Using XR19 DNA (46.1 kb) as the standard, the number of SINE-R elements in the human genome was investigated by the filter hybridization method (Fig. 4)(6) . The number of sequences hybridizable with probe II which virtually corresponded to subregions b and c of the SINE-R element, was calculated to be 4,800 copies per haploid human genome when washing, following hybridization was carried out at 1 x SSC (1 x SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-0.1% SDS (sodium dodecyl sulfate) at 65° C. Two more washings at 0.3 x SSC -0.1% SDS at 65° C caused a slight reduction in the estimated copy number, making it 4,200 per haploid genome. A Ban II site was located close to the 3' end of subregion a, a Sph I site was found 1/3 upstream from the 3' end of subregion c and a Bel I site was positioned at the 3' end of subregion d. To elucidate the organization of SINE-R elements in the human genomes, human DNA was digested with restriction enzymes and analyzed by Southern hybridization (Fig. 5) . Ban II plus Sph I, and Ban II plus Bel I digestion generated 0.34 kb and 0.53 kb fragments, respectively, both hybridizable with probe II. These fragments were expected in consideration of the nucleotide sequence of the SINE-R element and no significant difference was observed in the intensity of 0.35 kb bands in the lanes between normal leukocyte and cultured leukemia DNAs. The intensity of the 0.35 kb bands in the human DNA lanes was virtually the same as that of the band where 3,000 copies of the SINE-R19 DNA were present, but slightly weaker, than that of the 0.53 kb bands. When DNA was digested with Bgl II or Eco RI, neither having a cutting site in the sequenced SINE-R elements, Southern hybridization with probe II gave a smeary autoradiogram. These results indicate that a considerable number of SINE-R elements are dispersedly integrated in human genomes with similar organization, as was observed in the clones. Using the probe I+II+III (Fig. 2C) , expression of the SINE-R sequence in the total poly(A) RNA prepared from human tumor cell lines, HEp-2 and HMT-2, was analyzed by Northern hybridization (Fig. 6) . The sequence hybridizable with this probe was heterogeneous in size and longer on the average than human 28S rRNA (ca. 5,200 bases) used as the standard. But in contrast, probe I, which has no SINE-R sequence, hybridized with 8.8 kb poly(A) + RNA which may possibly correspond to the full-size transcript of the HERV-K genome (19) . Probe I+II+II hybridized with total poly(A) + RNA prepared from human placenta, lung and liver, in a similar manner.
DISCUSSIOM
In this study, we cloned and characterized a novel human SINE type nonviral retroposon, termed the SINE-R element, which was derived from the human endogenous retrovirus, HERV-K. This element had many structural features common to the SINE type retroposon (3) such as (i) its dispersed presence in human genome (ii) possession of an A-rich tail at the 3' end (iii) inability to encode reverse transcriptase and/or integrase (iv) no terminal or inverted repeat and (v) target site duplication generated at the integration site at the time of transposition.
Although the precise generation mechanism of the SINE-R family remains to be determined, this family may possibly have been formed by two retroposition steps. At the first step, the prototype SINE-R element may have been a poly(A)-tailed retropseudogene (3) created by reverse transcription and integration of the polyadenylated HERV-K RNA transcribed in certain cells of germ line lineage. Since nearly all HERV-K LTRs have subregion e (Fig. 2B ) (6) (unpublished observation), this subregion may have been present in HERV-K LTR prior to amplification of the HERV-K genome in human beings. It is not clear whether the prototype SINE-R element had been originated from a unique HERV-K genome having no subregion e in the 3' LTR, or deletion of subregion e had occurred in the process of transcription / processing / reverse transcription / integration. Since the initial six nucleotides of the 5' terminal junction of the deletion site (CAG/GTATTG) coincided with a donor consensus sequence of the splicing site (20) , one possible explanation is that an aberrant splicing caused the deletion of subregion e at the RNA level although the 3' terminal junction was found to differ completely from the consensus. A similar deletion has been reported in the formation of the human type I Alu family (21) . The mechanism for the elimination of most of the 5' terminal side of the HERV-K genome in the formation of the SINE-R element is a problem remaining to be solved.
At the second retroposition step, multiple SINE-R elements may have been amplified from the prototype element lacking subregion e since all sequenced SINE-R elements lacked the subregion e at exactly the same position ( Fig. IB and 2) , and a considerable number of SINE-R elements were found not to possess this subregion (Fig. 5) . Recently, GC-rich tandem repeats were found at the 5' end of some mouse LINEs in which segments corresponding to the pol II promoter of the housekeeping genes were identified (22) . Loeb et al. (22) presented a theory of how these repeats might work as a self-regenerating promoter and play roles in the retroposition. Although the size and sequence of the tandem repeats found in the LINES are actually different from those in the SINE-Rs, their model might be applicable to SINE-R as well.
Since repetitiveness and short length are features of SINE-R elements, it is quite likely that some of them should be located in introns and that the heterogeneous poly(A) RNA species shown in Fig. 6A must be precursor mRNA containing the SINE-R sequence as an intron-transcript. What appeared to be a TATA box of HERV-K LTR was found in the middle of the subregion e (6) . This indicates that generation and/or amplification of the SINE-R elements may possibly require removal of a sequence containing this box and its flanking region which may act as a promoter of RNA polymerase II. It should be of interest to determine whether the segments corresponding to the steroid hormone responsive element (HRE) of MMTV and enhancer core, found in the subregion c, can work together as a steroid hormone dependent enhancer.
